Introduction
Foot and mouth disease (FMD) is a highly infectious viral disease affecting cloven-hoofed animals. 1 In the UK there was just one outbreak of FMD between 1968 and 2001. 2 However, in 2001
there was a major epidemic of FMD lasting seven months with infection reported on 2026 premises (known as infected premises, IPs) in Great Britain (GB -comprising mainland England, Scotland and Wales). Within GB a further 8131 dangerous contact (DC) holdings had animals culled under different policies. These premises include 'traditional DCs', contiguous premises (CPs), 3 km culls-sheep premises within 3 km of an IP and slaughter on suspicion (SOS) premises-premises on which infection could not be ruled in or out on clinical grounds. 3, 4 With the exception of SOS premises, a number of these non-IPs may have had animals latently infected with FMD, because in many instances freedom from infection was never established through laboratory testing. 4 Descriptions of the 2001 UK FMD outbreak have been extensively published elsewhere, 3, [5] [6] [7] [8] but of importance here is that the early stages of the 2001 FMD outbreak were characterized by widespread seeding of infection throughout the country by animal movements. 5, 7 A national movement ban (NMB) on susceptible species was implemented on 23 February 2001, after which disease transmission became spatially localized with around 50% of new IPs within 3 km of an infectious IP and around 80% within 10 km. 9 As a result, FMD remained largely restricted to the areas in which it was seeded. 10 During the period of local spread, the distance to a source of infection appeared to be the principal risk factor for infection. 4, 10 However, despite the wealth of literature on the 2001 epidemic, potential risk factors over and above the distance to a source of infection have not been investigated explicitly. Such factors might include the species of animals on the holding, the numbers or densities of animals in the locality, and the area of the holding.
The dynamics of the epidemic during the period of local spread have been mathematically modeled using spatially explicit stochastic 10,11 and deterministic 12,13 mathematical models. The models of Keeling et al. 10 and Tildesley et al.
Background: An understanding of the factors that determine the risk of members of a susceptible population becoming infected is essential for estimating the potential for disease spread, as opposed to just focusing on transmission from an infected population. Furthermore, analysis of the risk factors can reveal important characteristics of an epidemic and further develop understanding of the processes operating.
Methods: This paper describes the development of a mixed effects logistic regression model of susceptibility of holdings to foot and mouth disease (FMD) during the 2001 epidemic in Great Britain following the imposition of a national ban on the movements of susceptible animals (NMB).
Results:
The principal risk factors identified in the model were shorter distances to the nearest infectious seed (a holding infected before the NMB) and the county of the holding (principally Cumbria). Additional risk factors included holdings that are mixed species rather than single species, the surface area of the holding, and the number of cattle within 10 km (all p < 0.001), but not surrounding sheep densities (p > 0.1). The fit of the model was evaluated using the area under the receiver operator characteristic curve (ROC) and the Hosmer and Lemeshow Chi-squared statistic; the fit was good with both tests (area under the ROC = 0.962 and Hosmer and Lemeshow Chi-squared statistic = 49.98 (p > 0.1)).
Conclusions: Holdings at greatest risk of infection can be identified using simple readily available risk factors; this information could be employed in the control of future FMD epidemics. 11 This will be a means of quantifying the ability of this framework to discriminate between IPs and non-IPs in comparison to previously employed frameworks. Data relating to the 2001 FMD epidemic were recorded by MAFF/DEFRA in the Disease Control System (DCS) database. The DCS records data on the epidemiology of the disease on each IP, including estimated dates of infection and dates of reporting and slaughter. The period of predominantly local spread is analyzed here, so only IPs estimated to have been infected after the NMB were used as the outcome variable; this reduced the number of IPs to 1948. IPs with only pigs were excluded from the model as pig premises played little part in the epidemic after the index case; after the NMB, four pig-only premises (excluded) and 58 premises with pigs and sheep or cattle (included) became IPs.
Materials and methods

Data
The DCS data comprised point locations and a CPH number for all culled premises. In the DCS data, fields containing animals culled as part of the FMD control policy were recorded under a separate CPH number if the field was more than 1 km from the main farm holding; 5 these parcels of land were therefore treated as separate holdings for the purposes of epidemic management. 17 However, these parcels of land do not appear in the agricultural census, which means that for any analysis of risk of susceptibility to infection (which looks at the demographic details of all farmsnot just those involved in the 2001 outbreak), 444 IPs (22%) are not in the agricultural census and therefore the denominator. Therefore, only the remaining 1527 premises that appear in both the FMD data as IPs and the agricultural census under the same CPH number were used as the outcome variable. Out of 8820 holdings containing animals culled as non-IPs, 4099 were on the census, the remaining 4721 were parcels of land recorded under a separate CPH number to its main holding.
There are 131 663 premises listed on the June 2000 agricultural census that had sheep or cattle registered on them. Not all of these holdings were exposed to infection during the epidemic, therefore only the 83 124 holdings that fall in one of the 37 counties in which there was an IP were included in the analysis. The county of the holding is identified by the CPH number.
The model
The model is a logistic regression model in which the data points are all premises on the agricultural census with cattle or sheep recorded. The outcome variable was whether a holding was one of 1527 IPs (cases) or one of 80 070 non-IPs (controls, and the reference level). The model construction follows the methodology laid out in Hosmer and Lemeshow. 18 The predictor variables fall into the four categories below:
(1) Distance to a seed IP: The Euclidean distance in km to the nearest of 78 seed IPs, which were estimated to have been infected before the NMB. 19 These seed IPs are identified using the DCS data on estimated dates of infection. (2) Regional data-county of the farm: There were 37 counties involved in the study, of which 27 had fewer than 50 IPs. These 27 counties were merged to form a 'rest of GB' predictor, which was the reference level for the 11 level factor ( Control effort factors including biosecurity, surveillance, and pre-emptive culling have not been explicitly included in the model. However, the control effort varied between counties, which are accounted for here.
Predictors were analyzed in univariate models to screen for risk factors to be entered into subsequent multivariate modeling. Distance to seed and total cattle and sheep in the locality were square root transformed and holding area was log 10 + 1 transformed to linearize the logits. Predictors from the univariate models that were significant at p < 0.25 were included in the multivariate model. Variables were analyzed in the multivariate model and those that were significant at p < 0.05 were retained in the model and biologically plausible interactions were tested. Changes to the estimates of the variables were monitored as new variables were added as this could indicate intercorrelation. 18 This was further tested by dropping terms and inspecting the influence of remaining variables. The discriminatory power of the model was evaluated by taking the 1527 greatest fitted values as predicted IPs. During the model building, AIC was used to compare between models in which the outcome variable was the same. The percentage of these predicted IPs that was actually IPs gave a measure of the ability of the model to discriminate between IPs and non-IPs. The discriminatory power of the model was further analyzed by plotting the receiver operator characteristic (ROC) curve for the model. The ROC curve plots the sensitivity and specificity of the model given a range of cut-off values, where the cut-off value is the threshold that determines whether a test result is considered positive or negative. 18 The sensitivity is the proportion of IPs that would be considered positive given its fitted value falling above a defined cut-off, and the specificity is the proportion of non-IPs that test negative given their fitted value falling below that cut-off value. The cut-offs used to generate this ROC curve are 1000 evenly spaced points through the range of fitted values. The goodness of fit of the model was evaluated by calculating the area under the ROC curve (described above) and the Hosmer and Lemeshow Chisquare statistic, both of which use rankings of modeled values to give a measure of the overall model fit (or lack of fit in the case of the Hosmer and Lemeshow test). 18 Spatial autocorrelation in the model was evaluated by carrying out a Moran's I test for spatial autocorrelation on the model residuals. 20 Spatial autocorrelation was evaluated across a range of numbers of nearest neighbors to test for significant (p < 0.05) autocorrelation at a range of scales. Significant autocorrelation was found at all scales (Moran's I statistic p < 0.001) and was adjusted for by overlaying a lattice of 5 km wide (edge-edge) hexagons generated using the repeating shapes 21 extension for ESRI ArcView 3.2 onto the farm distribution. Similar approaches have been used elsewhere to overcome this problem, 22, 23 however these studies used political boundaries. For this study, a hexagonal grid was used in preference to political boundaries such as parishes, as the hexagon boundaries are arbitrary and all polygons are the same size. The grid of hexagons that covered the susceptible population in this study comprised 5033 hexagons, each one 21.6 km 2 , with a median of 14 farms in each (25th percentile = 6, 75th = 24). The unique ID of the hexagon in question was incorporated into the model as a random effect to form a generalized linear mixed model (GLMM) with binomial errors. The residuals of the GLMM were tested for spatial autocorrelation using the previously described method.
All modeling was carried out in the R Statistical environment 24 using the spdep package to calculate Moran's I and the nmle4 package to generate the GLMMs.
Results
Univariate analysis
In univariate analysis, all predictors were statistically significant at the p < 0.001 level ( Table 1 ). The principal predictors were the county of the farm, with farms in Cumbria at the greatest risk of infection. Mixed farms were at significantly greater risk than cattle farms, which in turn were at greater risk than sheep-only farms. The surface area of the holding and surrounding cattle and sheep densities were also positively associated with being an IP.
Multivariate analysis
All predictors were entered into the multivariate GLMM (Table 2 ) and all were retained with the exception of sheep density, which was non-significant (p > 0.1 at all scales). The fit of (Figure 2 ) demonstrates that this model is very good at discriminating between IPs and non-IPs. Perfect discrimination would be demonstrated by a cut-off that maximizes both sensitivity and specificity so that the curve approaches the top left corner of the ROC curve. Furthermore, there was no spatial autocorrelation in the residuals of the GLMM (Moran's I statistic pvalue >0.5) and there was little evidence for intercorrelation between predictors.
Farms in the county of Cumbria (odds ratio (OR) = 25.38, 95% CI = 16.92, 38.07) were at the greatest risk of infection relative to farms in the 'rest of GB' category. Decreased distance to the infectious seed (OR = 0.613 per square root km from an infectious seed, 95% CI = 0.558, 0.672) and higher local cattle densities (OR = 5.111 per square root 10 À3 head of cattle, 95% CI = 3.577, 7.303) remained major risk factors. Furthermore, cattle only holdings (OR = 0.625, 95% CI = 0.533, 0.732) and sheep only holdings (OR = 0.557, 95% CI = 0.439, 0.707) were at significantly lower risk of infection than mixed holdings, and holdings that occupy a large surface area remained at greater risk of FMD than small holdings (OR = 4.493 per log 10 Ha, 95% CI = 3.826, 5.275).
Discussion
A statistical model was developed to calculate the risk of a holding on the agricultural census becoming an IP. The model was a good fit and was able to identify 45% of the actual IPs; the corresponding figure from mathematical models that simulate the 2001 FMD outbreak is between 5% and 15%.
14 The NMB greatly reduced the range of disease transmission and FMD largely remained in the areas in which it was initially seeded, therefore one of the principal predictors of susceptibility to FMD is the distance to a seed infected before the NMB. The presence of FMD in the locality is further described by the county of the holding. However, additional variables relating both to a larger holding area and the surrounding cattle density are also risk factors. The high quality of the data enabled the identification of individual seeds of infection. In a similar model constructed for susceptibility to highly pathogenic avian influenza (HPAI) in Vietnam, 23 the authors break the epidemic down into time periods and regions to describe the introduction of the virus into different regions in different years. For vector-borne diseases such as sleeping sickness, the point source can be modeled as the vector habitat and the risk of infection decreases with distance to the identified vector habitat. 25 In the 2001 FMD epidemic, the location of disease introductions was known precisely, and these were included as point sources for infection. However, in the absence of a movement ban, the range of spread would be over much greater distances and the nature of the effect of distance to an infectious seed would be significantly less, particularly as the epidemic progressed. Previous studies 19 have demonstrated the effect of the NMB on controlling longer range spreads of FMD. In addition to data regarding the point sources of virus introduction, the nature of the susceptible holding is also important in determining its susceptibility. Mixed cattle and sheep holdings are at statistically significantly greater risk than single species holdings; farms covering a greater surface area are also at greater risk because they will generally have more animals, although this varies with the type of farming. Furthermore, larger numbers of cattle in a 10-km radius surrounding a holding is an important risk factor. In spite of the importance of higher cattle densities in this epidemic, sheep density was non-significant in multivariate analysis. This may reflect the infectious challenge to the holding-sheep have been estimated to be an order of magnitude less infectious than cattle. 26 Whilst this analysis has identified demographic risk factors over the entire population of susceptible farms, there remain risk factors at the much smaller scale, such as river and rail barriers, which continue to influence the pattern of FMD cases.
9,27
The model also shows that the epidemic was operating differently in different parts of the UK, over and above the contribution of other factors in the model; farms in Cumbria were at greatest risk of infection, whilst those in Devon were at relatively low risk compared to some counties with fewer IPs such as Dumfriesshire and Gloucestershire (Tables 1 and 2 ). These differences may reflect regional heterogeneities in the nature of farming or farming practices, such as the distribution of animals in fields or biosecurity, which result in holdings in certain areas being more susceptible to infection with FMD. These differences may also reflect differences in the management of the epidemic by the different regional disease control centers (DCCs). In spite of the county predictor being highly significant, its removal from the model in sensitivity analysis resulted in slightly greater discriminatory power as measured by area under the ROC curve (0.976 opposed to 0.962) . This is because upon the removal of county, some of that variation is taken up by other continuous predictors (in particular distance to seed); this introduces greater heterogeneity into the fitted values upon which the area under the ROC curve is based.
One of the limitations of using the GLMM framework was that the numbers of animals on the holding could not be included as a predictor due to their zero-inflated distribution. Previous analyses 10,28 found a positive relationship between the numbers of animals by species on the holding and susceptibility, and have found cattle to be an order of magnitude more susceptible than sheep. This has been overcome to an extent in this study by using the holding area and the numbers of animals by species on the holding. There are regional differences in stocking densities, however broadly the holding area will be correlated with the number of animals on the premises.
In conclusion, this analysis demonstrates that post-NMB risk of FMD can be modeled relatively easily using a simple statistical framework and this approach is better at identifying the actual IPs than similar analysis using mathematical model simulations of the outbreak.
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